In the dorsal root ganglia (DRG) of mice latently infected with the herpes simplex virus type 1 mutant in1814, there are more neurons that contain latencyassociated transcripts (LATs) than in DRG of mice infected with a dose of equal infectivity of either a revertant or a wild-type virus. We investigated whether higher levels ofLAT + neurons resulted in more extensive reactivation either in vivo following neurectomy of the sciatic nerve or in vitro after explantation into culture.
In the dorsal root ganglia (DRG) of mice latently infected with the herpes simplex virus type 1 mutant in1814, there are more neurons that contain latencyassociated transcripts (LATs) than in DRG of mice infected with a dose of equal infectivity of either a revertant or a wild-type virus. We investigated whether higher levels ofLAT + neurons resulted in more extensive reactivation either in vivo following neurectomy of the sciatic nerve or in vitro after explantation into culture.
Neurectomy appeared to induce expression of immediate early 1 mRNA (IElmRNA) in neurons of mice latently infected with each of three viruses. However IElmRNA was detected in no more than 0"25 % of the neurons of DRG from animals 2 to 4 days after neurectomy, irrespective of the percentage of LAT ÷ neurons present. Of the 22 neurons shown to express IElmRNA, none expressed LATs also. However the lack of expression of viral antigen and the absence of a reduced potential for reactivation on explantation suggested that neurectomy had not induced full reactivation involving lytic replication leading to the death of the latently infected neurons. When DRG were explanted into culture, the distribution of the frequency of reactivation was similar to the distribution of DRG that contained LAT + neurons. The presence of a high proportion of LAT + neurons was not directly associated with earlier detection of reactivation but such experiments cannot be regarded as quantitative. We therefore concluded that neurectomy did not result in a reduced reactivation potential as described by others and that the frequency of expression of IElmRNA following neurectomy did not correlate with the number of LAT + neurons present.
Introduction
When herpes simplex virus type 1 (HSV-1) establishes a latent infection in dorsal root ganglia (DRG) following footpad inoculation of mice, virus transcription is limited to the production of latency-associated transcripts (LATs) . These can be demonstrated in the nucleus of the neurons by in situ hybridization (Deatly et al., 1987; Stevens et al., 1987) . The role of LATs in latency remains unclear. Viruses from which the LAT gene has been deleted can establish, maintain and reactivate from latent infections (Javier et al., 1988; Ho & Mocarski, 1989; Izumi et al., 1989; Steiner et al., 1989; Block et al., 1990) although reactivation may in some cases be delayed (Leib et al., 1989; Hill et al., 1990; Trousdale et al., 1991) . The delay in reactivation of viruses that lack a functional LAT gene may simply reflect the fact that there are fewer sites of latency (Sawtell & Thompson, 1992b) which therefore take longer to be detected after explantation or that latency is more stable with the result that reactivation is less frequent. Nevertheless, the presence of LATs is often used as a marker for the presence of latent virus.
The HSV-I mutant in1814 (Ace et al., 1989 ) has a 12 bp insertion in the gene for Vmw65 and so lacks the ability to trans-activate immediate early (IE) gene expression, although it can establish and reactivate from latency . We have shown in the accompanying paper that animals latently infected with in1814 had more LAT + neurons in their DRG than did animals infected with an equal infectious dose of either wild-type (wt) HSV-1 or the rescued virus revertant, 1814R. The results indicated that the number of LAT ÷ neurons in L5 (where there are about 4000 neurons) was about 800 in animals inoculated with 106 p.f.u, of in l 814, compared to about 400 in animals infected with either 106 p.f.u, of 1814R or 105 p.f.u, of in1814, or 50 to 70 in animals infected with 10 ~ p.f.u, of 1814R or 104 p.f.u, of wt HSV-1 (Ecob-Prince et al., 1993) .
Neurectomy is the single most consistent stimulus for reactivation of latent HSV-1 in man (Carton & Kilbourne, 1952) and has been used to stimulate reactivation in vivo in animal models (Walz et al., 1974; Price & Schmitz, 1978; McLennan & Darby, 1980; Tenser et al., 1988; Hill et al., 1983) . In these studies, reactivation was measured by the presence of infectious virus in homogenates of DRG from 2 to 5 days postneurectomy (p.n.) (Walz et al., 1974) with a peak of detection at 4 days (Price & Schmitz, 1978; Hill et al., 1983) . Viral antigens were shown to be present in neurons 3 days p.n. (McLennan & Darby, 1980) . IfDRG were explanted into culture 2 to 3 weeks p.n., their potential for reactivation was reduced (McLennan & Darby, 1980; Tenser et al., 1988) . Tenser et al. (1988) further reported that if animals were given acyclovir at the time of neurectomy, the reactivation potential was partially restored. They suggested that neurectomy had induced reactivation of a significant proportion of the latent virus in some of the DRG, killing the neurons and reducing the potential of the DRG to reactivate on explantation.
We therefore investigated whether the presence of high levels of LAT + neurons resulted in a higher percentage of cells showing reactivation either in vivo following neurectomy, or in vitro following explantation into culture. We also examined whether prior neurectomy of the sciatic nerve reduced the potential of DRG to reactivate on subsequent explantation. Axons of DRG L4/L5/L6 (L, lumbar) but not of T12/T13/L1/L2/L3 (T, thoracic) are present in the sciatic nerve; therefore we could also investigate whether neurectomy of the sciatic nerve had the same or a different effect on these two groups of DRG.
Methods
Details of virus stocks, the production of ~sS-labelled riboprobes, the method of in situ hybridization (ISH), the fixation and embedding together of different levels of DRG from one animal into a single paraffin block, the counting of neurons and estimation of LAT + neurons have been described previously (Ecob-Prince et al., 1993) .
Preparation of infected DRG. Three-to 4-week-old BALB/c mice were inoculated in the right rear footpad with l0 b or 10 ~ p.f.u, of either in1814 or 1814R. One group of mice was also inoculated with 104 p.f.u. of wt HSV-1 (the optimum dose to establish latency which is also compatible with survival) or in1814. Ten to 12 weeks later, when latency was established, the DRG from T12 to L6 were excised from two mice of each group, embedded together in a paraffin block and serially sectioned (60 to 80 5 gm sections per DRG). An estimate of the percentage of LAT ÷ neurons in each DRG was made by counting the number of LAT ÷ neurons as well as the total number of neuronal nuclei in at least 10 sections or 1000 neurons per DRG, and then expressing one as a percentage of the other. The remaining animals in all the groups were then used for studies of reactivation either in vivo or in vitro.
Reactivation studies in vivo. Animals were anaesthetized with chloral hydrate, the skin was reflected in the mid-thigh region and a 5 mm piece of sciatic nerve was removed from a region 5 to 10 mm distal to the sciatic notch. DRG were removed from mice 1, 2, 3, 4, 7 or 10 days p.n., embedded and serially sectioned. Reactivation in vivo was measured by estimating the percentage of cells that expressed the immediate early gene 1 mRNA (IElmRNA) and also by the presence of viral antigen, simultaneously detected by immunocytochemistry on the sections used for ISH. Three 5 ~tm thick sections were put onto each aminopropyltriethoxysilane-coated slide and two groups of four slides were selected from each series and stained with antibody to HSV (Dakopans rabbit antibody to HSV detected by immunoperoxidase using the Vectastain ABC kit). All antisera were treated with 1 gl/ml of RNase inhibitor (Boehringer Mannheim) before use, which prevented the loss of the RNA signal in the sections. Alternate sections were then hybridized with riboprobes that recognized either the 2 kb LAT or the IEImRNA in order to estimate the percentages of LAT + neurons and of cells expressing IElmRNA. When cells containing IElmRNA were detected, serial sections were inspected for the presence of LAT + cells in the same location. Neurons were identified by their distinctive morphology, size and location within the DRG. Sections of lytically infected DRG were used as controls with every ISH run to demonstrate that our technique detected viral antigen in cells containing IElmRNA. These controls also showed that viral antigen could be detected late in infection in cells that apparently no longer expressed IElmRNA. We were also able to demonstrate that our probes could detect IElmRNA and LATs in serial sections of the same cell. Finally, the immunocytochemical technique was able to detect viral antigen in BHK cells as early as 4 h after infection with wt HSV-1.
Reactivation studies in vitro. DRG from latently infected mice were explanted separately into the wells of a 96-well plate and cultured for 21 days at 37 °C in BHK medium with 10% newborn calf serum plus 10 % fetal calf serum plus antibiotics and 2.5 ggm/ml amphotericin B. Every 2 or 3 days 100 gl of medium was removed from each well and put onto BHK cells in the presence of 3 mM-hexamethylene bisacetamide (HMBA, Sigma) to detect any virus released from DRG. Fresh medium was then added to each DRG. In the presence of HMBA, in 1814 forms plaques on BHK cells with the same efficiency as wt HSV-1 (McFarlane et al., 1992) thus increasing the sensitivity of our system to detect cell-free in 1814 virus from reactivating DRG. HMBA had no effect on the efficiency of plaque formation by wt HSV-1 and so was routinely used with the BHK cells irrespective of the virus type. HMBA was not used to stimulate reactivation (Bernstein & Kappes, 1988 ) of in1814 in the explanted DRG. Although DRG could reactivate at different times post-explantation, reactivation was not found to be initiated after 17 days of culture and so assays were routinely terminated after 21 days.
Results

Reactivation in vivo
Animals were inoculated with different doses of in l 814, 1814R or wt HSV-1 to establish different percentages of LAT + neurons in the DRG both within groups of animals infected with the same virus and between groups of animals infected with different viruses. Animals were neurectomized and the DRG were removed at several post-operative times, to investigate whether there was any alteration in the percentage of LAT + cells, any evidence of reactivation such as expression of IE l mRNA or virus antigen or any correlation between the percentage of LAT + cells and the extent of reactivation. It was presumed that expression from IE genes, such as IElmRNA, would be detected in a reactivating cell as it T12 TI3 L1 L2 L3 L4 L5 L6 0 LAT + 0"7 2"4 ND* ND 5"4 6"4 12"9 2"8 IEll0 0 0 0 0 0 0 0 0 1 LAT + 2"0 0 ND 5"0 ND 10'0 ND NO IE110 0 0 ND 0 ND 0 ND ND 2 LAT + 7-7 6"1 5"2 16-0 11,6 19-1 14-0 13"9 IEll0 0 0 0 0 0 0 0 0 3 LAT + 0"6 3"9 6"1 11"8 8"7 14"1 7"4 17"9 IEll0 0 0 0 0 0 0"13 0.13 0"13 4 LAT ÷ 0"3 1"4 3'8 7"2 4-9 7"5 10"5 ND IEll0 0 0.07 0 0 0 0 0 ND 7 LAT ÷ 0"8 l'l l'l YD 3"0 6'2 4"6 1"6 IE110 0 0 0 ND 0 0 0 0 10 LAT ÷ 3"1 0"3 17"0 4"9 11.0 9"1 3"4 12'8 IEI10 0
entered a lytic cycle of replication and that should this be missed, because of either the limited period or extent of expression, then viral antigens should be detectable for much longer periods. Reactivation was therefore measured by estimating the percentage of cells that expressed 1EImRNA and also by the presence of viral antigen, simultaneously detected using immunocytochemistry on the sections used for ISH. Data from latently infected, neurectomized animals are presented in Tables 1, 2 and 3. Each animal is represented by a line denoted by the time p.n. when the DRG were fixed. The percentages of LAT + neurons are presented on the first line and the percentages of cells expressing IElmRNA are on the second line for each DRG (T12 to L6). In animals inoculated with 105 p.f.u. of 1814R (Table 1) , LATs were present mainly in neurons of L4/L5/L6 DRG with maximum in the preneurectomy animal of 2"3 %. In animals inoculated with 105 p.f.u, of in 1814 (Table 2) , LAT + neurons were present in a higher percentage of neurons and were present at all levels of DRG with a maximum in the pre-neurectomy animal of 12'9%. Data from the other groups of inoculated mice, where the percentage of LAT + neurons was lower (104 p.f.u, group) or higher (106 p.f.u, group) than in mice infected with 105 p.f.u., are presented in Table 3 . There was no evidence of an obvious reduction in the number of LAT + neurons following neurectomy in any of the groups in Tables 1, 2 or 3.
However, there was expression of IElmRNA in some DRG of neurectomized animals. A typical hybridization pattern is shown in Fig. 1 , where serial sections of a DRG, 2 days p.n., have been hybridized with riboprobes to either LAT (Fig. l a) or IElmRNA (Fig. l b) . In animals infected with 105 p.f.u, of 1814R, IElmRNA was found in 0"11% of neurons in L4 at 4 days p.n. In animals infected with 105 p.f.u, of in1814, despite the higher numbers of LAT ÷ neurons, expression of IE lmRNA was similarly found in about 0" 1% of neurons in four DRG (T13, L4, L5 and L6) of the animals sacrificed at 3 or 4 days p.n. Results in Table 3 also show that, irrespective of the numbers of LAT + neurons, IElmRNA was detected in no more than 0"25% of neurons of individual DRG, 2 to 4 days p.n. There was not, therefore, a correlation between the abundance of LAT + neurons and the frequency of detection of the expression of IElmRNA after neurectomy.
Examination of serial sections of the 22 cells in which IElmRNA was detected by ISH (Tables 1, 2 and 3), did not reveal the presence of LATs (Fig. 1) . Neither did they contain viral protein detectable by our immunocytochemical technique (Fig. 1) . The rigorous use of controls indicated that failure to see viral antigen or LATs in the cells which expressed IElmRNA was not a reflection of the insensitivity of our technique.
Cells expressing IElmRNA were only found 2 to 4 days after neurectomy in latently infected mice. They were not found in sections from 38 other latently infected but unoperated mice, involving ISH on 54120 neurons from 246 DRG. They were also not found in two mockinfected mice, 2 or 4 days p.n., nor in one unoperated uninfected mouse. later half the mice in each group were neurectomized and 10 days later the DRG (T11 to L6) of all the mice were explanted into culture to induce reactivation of latently infected neurons. Table 4 summarizes the percentage of these DRG that reactivated within 4 or 21 days of explantation. There was positive reactivation in some of the DRG from all animals infected with in1814 (105 p.f.u. or 106 p.f.u.) or with 106 p.f.u, of 1814R, but DRG from two animals infected with the lower dose of 10 ~ p.f.u, of 1814R failed to reactivate. Using either a Z 2 contingency table analysis or a Mann Whitney rank test, the percentage reactivation was not significantly increased in DRG from animals infected with in 1814 when compared to those infected with an equivalent dose of 1814R, although the in1814 animals contained more LAT + neurons.
Reactivation in vitro
Similar statistical tests also showed that neurectomy did not have any significant effect on the percentage reactivation after 4 or 21 days in vitro, with the sole exception of one group. DRG from mice infected with 106 p.f.u, of 1814R showed significantly (P = 0"05) more reactivation at 4 days in vitro after neurectomy than did DRG from unoperated mice. Therefore, neurectomy had certainly not resulted in the massive (50 to 75 %) drop in explantation potential seen by others (McLennan & Darby, 1980; Tenser et al., 1988) .
We then addressed the question of whether the DRG most likely to contain LAT + neurons were those most likely to reactivate on explantation. In the top panel of Table 5 , it can be seen that the DRG most likely to have LAT ÷ neurons were L4/L5/L6. These were also the DRG most likely to reactivate by 4 days (middle panel) or 21 days (bottom panel) after explantation. In fact, the distribution of DRG that contain LAT+ neurons was similar to the distribution of those which reactivated on explantation. However, the correlation did not always hold. Whereas LAT ÷ neurons were detected in none of four L2 DRG in mice infected with 10 s p.f.u, of 1814R, five out of 10 of these DRG reactivated by 21 days postexplantation. In contrast, although five out of seven T12 DRG from mice infected with 105p.f.u. of in1814 contained LAT + neurons, only one in 10 reactivated by 21 days post-explantation. The correlation between the presence of LAT + neurons and reactivation potential does not, therefore, always hold, but the low numbers of animals involved and non-quantitative nature of explantation reactivation make definitive conclusions hard to sustain.
(ii) Reactivation from the contralateral side
We then investigated whether explantation of DRG from the contralateral (non-inoculated, left) side of animals, latently infected with 106 p.f.u, of either in 1814 or 1814R, would also reactivate following explantation and whether this reactivation would be affected by prior neurectomy of the sciatic nerve on the ipsilateral side. The data are presented in Table 6 . Neurectomy had no statistically significant effect on the percentage of DRG that reactivated from either the ipsilateral or contralateral side 0( 2 contingency table analysis of Mann Whitney rank test). The numbers of contralateral DRG that reactivated were 50 to 60 % of those on the ipsilateral side of mice infected with 1814R, and 30 to 40 % of those on the ipsilateral side of mice infected with in1814. Previously we had shown that neurons on the contralateral side of mice infected with 106 p.f.u, of 1814R or in1814, contained LAT + neurons in a small percentage of neurons (0% to 8.9 %) but that mice infected with in l 814 generally had more LAT + neurons than those infected with 1814R (Ecob-Prince et aL, 1993) . So, once again, the presence of a higher percentage of LAT + neurons in the mice infected with in1814 had not resulted in a higher percentage of reactivation when the contralateral DRG were explanted.
Discussion
Reactivation of latently infected cells usually involves expression of viral mRNA and proteins and release of infectious virus (Wildy et al., 1982) . Neurectomy is a recognized stimulus to induce reactivation of latent HSV (Walz et al., 1974; Price & Schmitz, 1978; McLennan & Darby, 1980; Tenser et al., 1988; Hill et al., 1983) but in our hands it induced expression of IElmRNA without detectable levels of antigen; release of virus was not investigated. Using a model system very similar to that in the current study, Tenser et al. (1988) , were also unable to detect viral antigen in DRG 1 to 7 days p.n. but they were able to demonstrate that the reactivation potentials of the neurectomized DRG were reduced on subsequent explantation in vitro. Using the mouse ear model, McLennan & Darby (1980) not only found virus antigen but similarly demonstrated that there was a reduced reactivation potential. However the stimulation of neurectomy can vary depending upon the extent of damage caused to the neuron: the closer the operation is to the cell body, the greater the damage and the less able a neuron is to recover. Tenser et al. (1988) found that a 'double neurectomy' (the sciatic nerve was severed on two occasions, 4 days apart) was more effective than a single neurectomy in reducing the potential of the DRG to reactivate on explantation. McLennan & Darby (1980) cut the axons of the great auricular nerve 'as close as possible to ganglia' thereby giving the maximum stimulus to the neuron. In the current study, a single operation removed part of the sciatic nerve and it is possible that it was insufficient to induce full reactivation to a lyric cycle of replication, involving expression of virus antigen and possible death of the neuron. It is, nevertheless, difficult to explain why neurectomy in our experiments failed to produce the same reduction in explantation reactivation as a single' neurectomy' did in the experiments described by Tenser et al. (1988) .
We have shown that in mice latently infected with wt HSV-1, 1814R or in1814, up to 0-25% of the neurons in the DRG (six to 10 per ganglion) express IElmRNA, 2 to 4 days p.n. of the sciatic nerve, irrespective of the percentage of LAT + neurons present in the DRG. Since the presence of LATs can be taken as a marker of latently infected cells, we expected to find that the numbers of cells showing evidence of reactivation would be in proportion to the numbers expressing LAT. That is, in DRG with high percentages of LAT + neurons, there would be increased numbers of cells showing reactivation, as judged by expression of IElmRNA and virus antigen. This lack of correlation was not a consequence of the mutation in in1814 because a similar lack of correlation existed in animals infected with 1814R or wt HSV-1. Furthermore, because Vmw65 is a late protein it would not be expected to play a part in the initiation of normal reactivation and the mutation in in1814 does not affect its efficiency of reactivation after explantation into culture ; results presented here).
The expression of IElmRNA appeared to be a consequence of the neurectomy and both the number of cells (six to 10 per ganglia) involved and timing of the response (2 to 4 days post-operation) are consistent with earlier reports of reactivation in vivo following neurectomy (McLennan & Darby, 1980) , administration of dexamethasone (Rock et al., 1992) , hyperthermic shock of mice (Sawtell & Thompson, 1992a) , or dissociation and explantation of DRG in vitro (Kennedy et al., 1983) . IElmRNA was not found in sections of 246 DRG from 38 latently infected, unoperated mice (a total of 54 120 neurons): nor was it found in operated non-infected or control mice. It must, therefore, have been induced in response to the neurectomy. Surprisingly, expression of IElmRNA was also seen after neurectomy in DRG whose axons are not contained in the sciatic nerve (T12, T13, and L2). We can offer no explanation of this phenomenon except to say that the neuronal contacts which allow spread of virus to DRG outside the zone of innervation may also transmit the 'shock' of neurectomy.
Explantation can be regarded as the most severe form of neurectomy and should give a massive stimulus to all the neurons in the DRG, but we again failed to detect earlier or more extensive reactivation from DRG which contained higher percentages of LAT + neurons. However the distribution of DRG that contained LAT ÷ neurons did correlate with the distribution of the frequency of reactivation for a DRG of a particular level. For example, L4/L5/L6 were most likely to contain high levels of LAT + neurons and these were the DRG that reactivated first and with the highest frequency: T11 to L 1 had variable and usually relatively low levels of LAT + neurons and were often the DRG that reactivated later and with the lowest frequency. The correlation did not always hold, possibly suggesting that reactivation could perhaps be occurring from cells that were not LAT +. However, reactivation in vitro is a non-quantitative technique and the lack of correlation could be within experimental error.
On the basis of the individual cell, it is intriguing that all of the 22 cells found to express IElmRNA appeared in serial sections not to contain LATs. In control sections of lytically infected DRG, we could consistently detect expression of both IElmRNA and LATs in serial sections of a single cell. Our failure to detect LATs in the cells expressing IElmRNA after neurectomy might indicate that an early consequence of reactivation is down-regulation of LATs (Rock et al., 1992) possibly as a consequence of the expression of IE genes such as Vmw175 (Batchelor & O'Hare, 1990) . Alternatively, it is intriguing to speculate that reactivation may have occurred in cells that at that particular point in time contained no detectable LATs, or from latently infected cells that were negative for LAT expression (Rodahl & Stevens, 1992) .
